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Background: The ribosome - essential for protein syn-
thesis in all organisms - has been an evasive target for
structural studies. The best available structures for the 70S
Escherichia coli ribosome or its 30S and 50S subunits are
based on electron microscopical tilt experiments and are
limited in resolution to 28-55 A. The angular reconstitu-
tion approach, which exploits the random orientations of
particles within a vitreous ice matrix, can be used in con-
junction with cryo-electron microscopy to yield a higher-
resolution structure.
Results: Our 23 A resolution map of the 70S ribosome
elucidates many structural details, such as an extensive
system of channels within the 50S subunit and an inter-
subunit gap ideally shaped to accommodate two transfer
RNA molecules. The resolution achieved is sufficient to
allow the preliminary fitting of double-helical regions of
an earlier three-dimensional ribosomal RNA model.
Conclusions: Although we are still a long way from
attaining an atomic-resolution structure of the ribosome,
cryo-electron microscopy, in combination with angular
reconstitution, is likely to yield three-dimensional maps
with gradually increasing resolution. As exemplified by
our current 23 A reconstruction, these maps will lead to
progressive refinement of models of the ribosomal RNA.
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Introduction
The structure of the ribosome, the subcellular organelle
responsible for protein synthesis, has been investigated
using various techniques (see Hill et al. [1]), including
X-ray crystallography [2,3], electron crystallography
[4-7], neutron scattering [8,9], immuno-electron micro-
scopy (EM) [10,11], and electron microscopical tilt
experiments on single ribosomes [12-16]. Recently,
these tilt experiments yielded a ribosome structure with
30-55 A resolution [15,17]. However, for practical
reasons, tilt experiments and multiple exposures of the
same specimen area limit the attainable resolution [18,19]
- it is difficult to produce more than one good image of
the same specimen area, especially when a large tilt must
be applied to the specimen holder between exposures. In
contrast, the angular reconstitution approach [18-21]
exploits the random orientations of the particles within
the embedding matrix without instrumental tilts and
allows high resolution levels to be attained. The resolu-
tion of -23 A in our first three-dimensional (3D) recon-
struction of the Escherichia coli ribosome is already
sufficiently high to allow a first fitting of the ribosomal
RNA (rRNA) structure [22]. In particular, a number of
double-helical elements of the 16S rRNA [22,23] can be
tentatively located within the 23 A map and serve as
anchor points for a preliminary fitting of the entire
16S rRNA model within the 30S moiety of the EM
ribosome structure.
Results
Cryo-electron microscopy and angular reconstitution of the
E. coli ribosome
Vitrified 70S E. coli ribosome samples were imaged in the
'SOPHIE' liquid helium cooled cryo-electron micro-
scope [24] (Fig. la) with the first zero of the contrast
transfer function (CTF) set at -2 nm. The -2500 molec-
ular images selected interactively from the digitized
micrographs were processed by pattern-recognition
approaches designed to make an exhaustive search for all
different 'characteristic views' [25] in the data set. The
members of such characteristic views or 'classes', deter-
mined by multivariate statistical analysis (MSA) data
compression and automatic classification [26], were aver-
aged to yield class averages with reduced noise (Fig. lb).
Transmission EM images are projection images through
the 3D density distribution of the structure, just as a
medical X-ray image represents the projection through a
patient. In contrast to X-ray computerized tomography,
the projection directions through the ribosomes arise by
chance, and are not due to an instrumental rotation such
as an X-ray source rotating around a patient.
For the characteristic views of our ribosomal particles we
thus need, a posteriori, to determine their relative orienta-
tions in terms of three Euler angles (,,y). This prob-
lem has an analytical solution [20,27], similar to the
'common-lines' technique for analyzing icosahedral
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Fig. 1. Synopsis of the angular reconsti-
tution structure analysis procedure for
the 70S ribosome. (a) 'Raw' molecular
images of the 70S E. coli ribosomes
after the alignment procedures. (b) Five
class-average images into which the
raw EM images shown in (a) were aver-
aged. The five class averages shown
are taken from a total of -150 good
classes used for the calculation of the
E. coli 3D reconstruction. (c) Surface
representation of the 3D reconstruction
shown in the Euler angle orientation
assigned to the class averages of part
(b). Note that these views represent the
ribosome seen from orthogonal or from
opposite directions. (d) The 3D map of
the ribosome projected into the Euler
angle directions of the class average
are shown in (b). These reprojections
illustrate how well the class averages
(characteristic views) fit to the 3D map
which includes the contributions of all
characteristic views found by the MSA
classification procedures.
viruses [28], but its implementation can be quite elabo-
rate [18,29]. We first found the Euler orientations of the
classes after strong low-pass filtering; only in later refine-
ment iterations were the high-frequency image details
included in the calculations. Once a preliminary 3D
reconstruction was available, iterative refinement proce-
dures [19,21] led to improved alignments, improved clas-
sifications, Euler angle assignments, and finally to a
refined 3D reconstruction of the 70S ribosome.
Three-dimensional structure of the 70S ribosome
The final -23 A map of the E. coli ribosome is presented
stereoscopically in Figure 2 and some specific details are
indicated in Figure 3. The images show some well-
known properties such as a partitioning into the 50S and
30S subunits (Fig. 3a), each with features familiar from
earlier work (50S: central protuberance [CP] and L1 pro-
tuberance; 30S: 'head' containing about one-third of this
subunit's mass, separated from the 'body' by a narrow
'neck' region; see Fig. 4). Among the many new struc-
tural details discernible in this map are rod-like structures
of -20 A diameter (roughly the diameter of double-
stranded RNA helices) and an extensive network of
channels within the 50S ribosomal subunit, which could
represent exit routes for the nascent peptide and which
we have dubbed the 'exit channel complex' (ECC), giv-
ing it the appearance of a Swiss cheese. In contrast to
earlier studies at lower resolution [5,6] reporting the exis-
tence of a single low-density or branched tunnel (chan-
nel) [2], that was proposed to represent the exit channel
for the nascent polypeptide chain, we find a whole net-
work of channels through the 50S subunit (Fig. 3b). Two
potential entrances to the ECC exist (Fig. 3b), one in the
cleft between the L1 protuberance and the CP, and one,
adjacent to the first, just below the CP. Interestingly, the
diameter of the channels in the ECC is -20 A and is,
therefore, smaller than the resolution threshold of previ-
ous studies. At the outer surface of the 70S particle, the
ECC has a number of openings (the larger ones num-
bered 1-4 in Fig. 3). Opening number 1, at the lower-
left side of the 50S particle (Fig. 3b), is at the position
where, using immuno-EM techniques, Bernabeau and
Lake [30] found that the nascent polypeptide chain
emerges from the ribosome.
Fitting the 16S rRNA
In order to fit the 16S rRNA structure, we took as a
starting point the most recent version of the 3D model
for the 16S molecule [22]. This model incorporates a
large body of biochemical and structural information
with particular emphasis on the RNA regions surround-
ing the functional center of the ribosome. This informa-
tion, reviewed in [22], includes sites of intra-rRNA
cross-linking, cross-links between rRNA and transfer
RNA (tRNA), messenger RNA (mRNA), or ribosomal
proteins, and footprint sites on the rRNA for tRNA or
proteins. Prominent helices in the RNA model were
correlated with features of the 23 A map using a newly
developed computer program 'ERNA-3D' [31]. Using
this program, a single double-helical element of the
RNA structure, or any desired group of helices, can be
interactively moved as a unit with respect to the rest of
the rRNA or the EM 3D density distribution. The sin-
gle-stranded regions joining the helices follow their
movements and automatically remain connected, pro-
vided that the maximum possible length of an inter-heli-
cal strand is not exceeded. Some examples of the fitted
helices are illustrated in Figure 4. The remainder of the
molecule is added, helix by helix, making use of the con-
straints imposed by the secondary structure of the 16S
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Fig. 2. Stereo pairs of the 23 A recon-
struction of the E. coli 70S ribosome.
(a) In this viewing direction, the 30S
subunit is to the right and the 50S
subunit is to the left. (b) The ribosome
viewed from the 30S subunit side.
Apart from the thin 'neck' connection
between the 'body' and the 'head' of
the 30S subunit, a second connection to
the 30S 'body' (underneath the 'chin') is
thought to represent the S5 protein.
Another interesting structural element is
the 'beak' or 'nose' in the 'head' region
of the 30S and a 'toe' extending from its
'foot' region. (See Fig. 4 for explanation
of nomenclature.) (c) The ribosome
viewed from the L7/L1 2 side of the 50S
particle. The L7/L12 stalk (see Fig. 3a)
appears folded inward, pointing towards
the 30S subunit, rather than towards the
exterior of the ribosome as is often seen
in negatively stained preparations. This
viewing direction also reveals the com-
plex structures (including thin 'fibers')
within the inter-subunit gap connecting
the two subunits.
RNA, and the biochemical data. (For reasons of space,
the complete structure will be described in a series of
papers to be published separately.)
Fitting tRNAs in the inter-subunit cavity
The shape of the inter-subunit cavity [2,15], just above
the 'bridge' (the main inter-subunit connection) con-
necting the 30S and the 50S subunits, is ideally suited to
accommodate the L-shaped tRNA molecules at the A
and the P sites, provided that these are arranged in the 'S'
configuration [22,32] (i.e. with the D-loop of the A-site
tRNA facing the T-loop of the P-site tRNA) so as to fit
onto the 'knuckle'-shaped bend of the bridge. In this
arrangement (Fig. 5), the anticodon loops of the tRNAs
contact the mRNA between the head and the body of
the 30S subunit, while the CCA ends of the tRNAs lie
adjacent to the entrance(s) of the postulated exit chan-
nel(s), close to the site of the peptidyl transferase center,
as located by immuno-EM [10].
Discussion
Single-particle analysis has some advantages over studies
of crystallized material. For example, there is no problem
in defining the particle within the reconstruction vol-
ume: no overlap exists with molecules in neighboring
unit cells as may be the case in 2D or 3D crystal analyses.
Moreover, flexibilities of the ribosome, one of the reso-
lution-limiting factors in crystallographic work [2],
apparently do not affect the overall appearance of the 70S
ribosome, and thus do not hinder the single-particle
analysis by interfering with the correlation-function-
based alignment procedures. Flexible regions at the
extremities of the ribosome would 'smear out' in our sin-
gle-particle analysis in very much the same way that flex-
ible parts of the polypeptide chain may be invisible in an
X-ray electron-density map.
To a first approximation, the 70S ribosome is a sphere
with a radius of -110 A and thus should have a volume
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Fig. 3. Three-dimensional reconstruc-
tion of the 70S ribosome of E. coli: char-
acteristic details. (a) The 70S ribosome
seen from the side of the L1 protuber-
ance of the 50S subunit. The central
protuberance (CP) is partially hidden
behind the L1 protuberance. (b) Com-
putational removal of the largest part of
the 30S subunit allows a clear view of
the inter-subunit connections and of the
two potential entrances to the channel
system (black arrows). Viewed from the
back, the 50S part reveals many open-
ings to the channel system, numbered
1-4. Opening number 1 is approxi-
mately at the position determined for
emergence of the nascent polypeptide
chain by immuno-EM 1301.
of -5600 nm3 . As a volume of around -2600 nm3 is
expected for the ribosome based on its mass (see the
Materials and methods section), we expect -55% of the
structure to consist of solvent regions. The solvent
regions include the inter-subunit gap and all cavities and
channels; the ribosome is, indeed, a structure with
"hollows, voids, gaps and tunnels" [2]. For the surface
representations, we have used a density threshold in the
3D map at approximately the expected volume. At that
threshold value range, the enclosed volume did not
change much as a function of the threshold value. In
spite of the stability of the surface, representations of the
surface reflect only a small proportion of the available
information, comparable to the representation of a black
and white picture by a single contour. This contour,
which may change with different levels of filtering or
with changes of the CTF, is important for the fitting of
the 3D rRNA models and may sometimes need to be
supplemented by the 3D density information of the map
itself. This type of problem is very similar to the fitting of
a known polypeptide chain into an X-ray map.
There is, of course, a considerable difference between the
23 A resolution of our 3D reconstruction and an rRNA
model structure at atomic resolution. Moreover, -33% of
Fig. 4. Fitting the 16S rRNA to the EM 3D reconstruction. The fig-
ure shows a semitransparent view of the 30S subunit, in approxi-
mately the same orientation as that shown in Figure 2b.
Examples of 16S rRNA helices from the biochemically derived
model [22] are fitted to the EM density using the program
ERNA-3D [31]. Using the helix nomenclature of Brimacombe
[22], the helix 33 (h33) complex is placed at the back of the head
of the 30S subunit, helix 23 on the left, and helix 26 on the lower
part of the 30S subunit in this view. On the right side of the
image, helix 15 has been fitted, stacked over helix 4. The overall
appearance of the 30S subunit in this view is remarkably similar
to earlier negatively stained projection images of the 30S
prokaryotic ribosomal subunit [25] and shows details such as a
'beak' on the 30S head and a 'toe' extending from its foot.
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Fig. 5. Fitting two tRNAs into the EM reconstruction. The A-site tRNA is purple and the P-site tRNA is red, the two molecules being
arranged in the 'S' configuration [22,32]. The tRNA fit has been adjusted in relation to the EM contour and also takes into account the
biochemical data (cross-links formed between the mRNA and rRNA, between tRNA and rRNA, etc.) as summarized in Brimacombe
[22]. (a) The 70S ribosome (semitransparent) is seen in approximately the same orientation as that of Figure 2c. The anticodon loops of
the tRNAs are on the left and the CCA ends are on the right. The red P-site tRNA lies partially behind the interface bridge in this view.
(b) The 70S ribosome (now opaque) viewed from above. As in (a), the anticodon loops (buried within the 30S subunit) are on the left
and the CCA ends (within the 50S subunit) are on the right.
the 30S subunit is composed of protein, which also
contributes to the density in our map. Nevertheless, the
cryo-EM reconstruction imposes massive constraints on
the 3D folding of the rRNA, and these constraints have
been accommodated in our refined model of the 16S
RNA (see Fig. 4). The details of this current model will
be presented elsewhere, but it is important to note here
that the new constraints - far from destroying.the fit to
the biochemical data [22] - have in fact led to an overall
improvement in the structure, with fewer internal strains
and inconsistencies. The angular reconstitution approach
is not limited to the current level of resolution, and as
higher-resolution reconstructions become available, the
rRNA models will need to be upgraded to match the cor-
respondingly stricter constraints. We anticipate that
higher-resolution results will be attainable by increasing
the data set to -10000 molecular images, and by extract-
ing the information beyond the first zero of the CTE Our
approach thus provides a pathway for the progressive
refinement of the 3D molecular structure of the ribosome.
Biological implications
The function of the ribosome is largely deter-
mined by the ribosomal RNA (rRNA) structure.
The diameter of an RNA double helix is -20 A,
and thus the achievement of this order of resolu-
tion in an electron microscopic reconstruction
represents a significant milestone in the invest-
igation of an RNA-containing biological struc-
ture; individual helical elements of the RNA
should begin to be visible. In the case of the
Escherichia coli ribosome, a number of crude mod-
els have been proposed for the 16S and 23S
rRNAs, based on various types of biochemical
information such as cross-linking or footprinting
data [33-39]. In essence, all of these models use
the biochemical constraints to fold the phylo-
genetically established secondary structural ele-
ments of the rRNA into three dimensions. Up
until now, however, the level of resolution in the
available electron microscopic reconstructions of
the ribosomal subunits has not been sufficient to
allow more than a vague and subjective correla-
tion to be made between the RNA models on the
one hand and the reconstructions on the other.
As a result of the 23 A resolution electron micro-
scopic reconstruction described in this paper, the
morphology of the ribosome is now revealed at a
level of detail which effectively provides a major
new series of constraints on the three-dimensional
folding of the rRNA. As we show here, these con-
straints go so far as to suggest specific locations
for individual helices in the 16S RNA (by correla-
tion to the previous topographical models), and it
is clear that any serious attempt to model the
rRNA molecules in the future must take the new
electron microscopic structure into account. Fur-
thermore, it seems very likely that it will soon be
possible, with the help of this technology, to visu-
alize individual components of the protein-syn-
thesizing machinery, such as the tRNA molecules,
directly. Thus, a new chapter in the study of
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structure/function relationships in protein biosyn-
thesis has begun. Another challenging perspective
is the use of three-dimensional maps derived from
studies such as our current cryo-electron micro-
scopy analysis, to help phase X-ray diffraction
patterns to high resolution [40].
Materials and methods
A solution of 70S ribosomes from E. coli MRE 600 (buffer:
10 mM MgAc2 , 30 mM NH4Cl, 0.05% [v/v] 3-mercapto-
ethanol, 20 mM HEPES/KOH pH 7.4) was applied to a holey
carbon-foil grid and vitrified by freeze-plunging into liquid
ethane [41,42]. The samples were imaged in the 'SOPHIE' liq-
uid helium cooled cryo-electron microscope [24] at 120 kV,
under low-dose conditions (Fig. la), using a defocus value cor-
responding to a first zero of the CTF at 2 nm. The highly
coherent field-emission gun (FEG) of the SOPHIE microscope
allows the information beyond the first CTF zero to be retriev-
able. Good micrographs were selected by optical diffractometry
and were digitized using the EMiL linear charge-coupled
device (CCD) densitometer (Image Science Software GmbH,
Berlin) at a sampling step corresponding to 2.5 A on the speci-
men, and then coarsened computationally to 5 A. From the
digitized micrographs, 2447 molecular images were selected
interactively for processing in the context of the IMAGIC-5
software system [43]. Reference-free alignment by classifica-
tion [44] produced a first set of reference images for aligning
the data set. After multireference alignment [25], MSA data
compression [45,46] and automatic classification [26] were
used to group similar images to be summed into class averages
or 'characteristic views' [25] (Fig. lb). Class averages clearly
exhibit a much better signal-to-noise ratio than the raw molec-
ular images and these averages (each good class being the aver-
age of-15 original images; poor classes typically have a much
lower number of members and were discarded) are thus much
better suited for assigning Euler angles by the angular reconsti-
tution programs. The use of class averages rather than raw mol-
ecular images is one of the features distinguishing our approach
from earlier techniques. The angular reconstitution technique
was used to assign Euler angles to these EM projection images
such that a first 3D reconstruction could be calculated with the
exact filter algorithm [47,48]. One of the quality measures used
to monitor the convergence of the procedures is the normal-
ized square distance between the input class average and the
corresponding reprojection. The reconstruction was refined by
iterative procedures [19,21]. A reproducible resolution of
~23 A was attained in the final reconstruction, as determined
by the Fourier shell correlation [47] between two independent
reconstructions, each based on half of the available good class
averages. A plot of angular distributions of all classes of views
used in the final reconstruction shows a quite uniform distribu-
tion, although we did find some preferred orientations, with
overlap views prevailing somewhat.
The threshold level at which the 3D maps were rendered was
chosen to include a volume of -2900 nm 3. The 70S ribosome
has a molecular weight of approximately 2.5 MDa, one-third
of which is due to protein. Assuming a protein density of
0.84 Da A-3 and an RNA density of 1.03 Da A-3 (relative val-
ues derived from [4]), these two components lead to an
expected volume slightly in excess of 2600 nm3, around
1000 nm3 for the protein, and over 1600 nm3 for the RNA
components of the E. col ribosome. Calibration of the overall
magnification is critical to this calculation of the expected
volume. An error of only 5% in the magnification (a normal
value in electron microscopy) would result in an error of -16%
in the volume estimate.
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